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Neuroinflammation is a hallmark of several neurode-
generative diseases, including Alzheimer’s disease
(AD). Strong epidemiological and experimental evi-
dence supports the use of nonsteroidal anti-inflam-
matory drugs to reduce AD risk. However, poor out-
come in clinical trials and toxicity in a prevention
trial have shifted focus away from these cyclooxygen-
ase (COX) inhibitors to seek additional therapeutic
targets in the prostaglandin pathway. Previously, the
prostaglandin E2 receptor, EP2, was shown to regu-
late neuroinflammation and reduce A� plaque burden
in transgenic mice. Unfortunately, widespread EP2
distribution and a direct effect on COX2 induction
make EP2 a less desirable target. In this study, we link
dedicator of cytokinesis 2 (DOCK2) to the prostaglan-
din pathway in the brain. Additionally, we show that
DOCK2 regulates microglial innate immunity indepen-
dent of COX2 induction and that DOCK2� microglia are
associated with human AD pathology. Together, these
results suggest DOCK2 as a COX2 expression-indepen-
dent therapeutic target for neurodegenerative diseases
such as AD. (Am J Pathol 2009, 175:1622–1630; DOI:
10.2353/ajpath.2009.090443)

Innate immune activation of the central nervous system is
associated with several neurodegenerative diseases in-
cluding Alzheimer’s disease (AD).1–4 The major cellular
component of this response, activated microglia, demon-
strates both beneficial and deleterious effects on sur-

rounding neurons.4–9 The deleterious effects include mi-
croglial secretion of a variety of molecules including
prostaglandins (PGs) that can mediate paracrine neuro-
toxicity. Indeed, activation of the PG pathway has been
linked with neurotoxicity in a number of cell culture and in
vivo models.2,6,10–13 This is especially compelling be-
cause there are existing drugs that target the PG path-
way, such as the cyclooxygenase (COX) inhibitors that
inhibit PG production.

Strong epidemiological evidence supports the efficacy
of COX isozyme suppression in PG signaling by nonste-
roidal anti-inflammatory drugs (NSAIDs) for AD therapy
(reviewed in14). Recently, hard-gained knowledge about
COX2 toxicity associated with NSAIDs has led academic
and industry laboratories to pursue more specific tar-
gets.15–17 Through a series of studies we and others have
demonstrated the pro-inflammatory, pro-oxidative, and
pro-amyloidogenic nature of the prostaglandin E2 recep-
tor (EP2) in mouse brain or primary cultures from mouse
brain, suggesting it as a potentially beneficial therapeutic
target for AD.4,9,18–20 While work to date with EP2 high-
lights a promising approach to PG-related therapeutics in
neurodegenerative diseases, widespread organ and cel-
lular distribution of EP make it a nonspecific therapeutic
target. Moreover, EP2 activation regulates COX2 expres-
sion, at least in microglia, and so EP2 targeting may lead
to a similar toxicity profile as relatively COX2-selective
NSAIDs.20–23

The aims of this study were to discover and evaluate
EP2-dependent regulators of microglial innate immune
response that did not regulate COX2 expression. Indeed,
we identified dedicator of cytokinesis 2 (DOCK2) expres-
sion as being nearly completely dependent on EP2 ex-
pression in microglia. DOCK2 was identified in 1999 as a
member of the CDM family of proteins, which includes
Caenorhabditis Elegans CED-5, human DOCK180, and
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Drosophila Melanogaster Myoblast City.24 To date, the
majority of studies concerning DOCK2 have shown it to
act as a guanyl-nucleotide exchange factor (GEF), which
positively regulates Rac- (a Rho family small GTPase)
mediated cellular processes such as lymphocyte migra-
tion.24–31 The Rho family of small GTPases, including
Rac, is known to be intimately associated with actin cy-
toskeleton processes as well as oxidative processes in
phagocytic cells. In primary and immortalized microglial
cell cultures, Rac1 activation has been shown to promote
phagocytosis, including A�1-42 clearance.32,33 With the
exception of DOCK2’s role in neutrophil chemotaxis,
there has been no literature describing its function in
phagocytic cells even though it has been implicated in
macrophage phagocytosis and NADPH oxidation.24,34,35

Following our discovery, we further investigated the
role of DOCK2 in microglial function relating to phagocy-
tosis and neurotoxicity as well as regulation of COX2
expression. We also sought to establish relevance of
DOCK2 expression to AD pathogenesis by evaluating its
expression pattern in human brain. To date, there has been
no literature providing evidence for DOCK2 expression or
function in the brain. Our identification and subsequent
characterization of DOCK2 in brain may highlight its
potential as a microglial-specific, COX2-expression in-
dependent therapeutic target for neurodegenerative
diseases, such as AD.

Materials and Methods

Animal and Human Use

Wild-type C57Bl/6 mice (Jackson, Bar Harbor, Maine),
Dock2�/� mice (Dr. Yoshinori Fukui, Kyushu University,
Japan), and EP2�/� mice (Dr. Richard Breyer, Vanderbilt
University) were used with approval by the University of
Washington Institutional Animal Care and Use Commit-
tee. Well-characterized human tissue was obtained from
the University of Washington’s Alzheimer’s Disease Re-
search Center in complete compliance with Institutional
Review Board-approved protocols (Postmortem intervals
�8 hours).

Primary Cell Culture

Primary mouse microglia and neurons were cultured as
previously described.6,20 Microglia at DIV 7–15 and neu-
rons at DIV 8 were used for experiments.

Pharmacological Cell Treatment

Soluble A�1-42 (Bachem, Torrance, CA) was freshly pre-
pared as previously described.6,20 Primary microglia in
6-well plates (1 well � 1 � 106 cells) were treated with
Dulbecco’s modified Eagle’s medium (DMEM) containing
A�1-42 (10 �mol/L)/interferon-� (10 pg/ml) for 6 hours.
DMEM containing 10% fetal bovine serum and 100 ng/ml
of lipopolysaccharide (EMD Chemicals, Gibbstown, NJ)
was added to microglia in 96-well plates (1 well � 5 �
104 cells) for 6- or 24-hour treatment.

Gene Expression

Total Microglial RNA was extracted using Trizol (Invitro-
gen, Carlsbad, CA) and purified using an RNeasy Mini
column (Qiagen, Valencia, CA). RNA quality was verified
using an Agilent Bioanalyzer (Agilent Technologies,
Santa Clara, CA). Total RNA was labeled and hybridized
to Mouse Genome 430 2.0 Arrays (Affymetrix, Santa
Clara, CA). Four independent gene chips were hybrid-
ized. The intensity value for each probe was calculated
using GeneChip operating software (GCOS) version 1.4
(Affymetrix, Santa Clara, CA), which was followed by data
quality validation. Raw microarray data were processed
and analyzed using GeneTraffic (Iobion Informatics, La
Jolla, CA) along with Statistical Analysis of Microarray
methodology to produce pair comparison lists containing
Affymetrix gene probe identifications, their relative fold-
change, and the statistical indicator False Determining
Rate. From these data, the False Determining Rate of 5%
was used as the cutoff for gene probe significance. Val-
idation by quantitative real-time PCR was done using
validated TaqMan Gene Expression Assays (Applied Bio-
systems, Foster City, CA) and analyzed through relative
quantitation in an ABI 7500 Real-Time PCR instrument
(SDS v1.3.1). The comparative threshold cycle method
(��CT), with glyceraldehyde-3-phosphate dehydroge-
nase as the endogenous reference, was used to deter-
mine relative message abundance.

Western Blotting

Standardized protein concentrations from cellular lysate
were determined by BCA protein assay (Pierce, Rock-
ford, IL) and subjected to SDS-polyacrylamide gel elec-
trophoresis. Anti-DOCK2 (Millipore, Temecula, CA) and
anti-COX2 (Calbiochem, Gibbstown, NJ) antibodies were
used at 1:1000. Detection was done using HRP-based
enhanced chemiluminescence.

Immunohistochemistry

Brains were dissected out from PBS-perfused adult mice
frozen in cryopreservative. Postmortem human brain tis-
sue was placed directly into cryopreservative and stored
at �80°C. For all tissue, 10 �m sections were cut using a
cryostat. Sections were placed in cold acetone for 1 to 2
minutes followed by a 1-hour room temperature block.
Primary antibodies (anti-DOCK2 [Millipore, Temecula,
CA], anti-NeuN [Millipore, Temecula, CA], anti-CD68 [Se-
rotec, Raleigh, NC], anti-glial fibrillary acidic protein
[Dako, Capinteria, CA], anti-paired helical filament-Tau
AT100 [Pierce, Rockford, IL], anti-A� 6E10 [Covance,
Berkeley, CA]) were diluted 1:100 and incubated for 1
hour at room temperature. Sections were rinsed with
Tris-saline. Secondary antibodies (Invitrogen, Carlsbad,
CA) (1:200), tomato lectin (1:100), or Ricinus communis
agglutinin 1(RCA1) lectin (Vector Laboratories, Burlin-
game, CA) (1:100) were added for 1 hour at room tem-
perature. Sections were rinsed followed by 1 to 2 minutes
in 70% ethanol. Saturated sudan black was added for 3
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minutes. Sections were then rinsed with 70% ethanol and
ddH2O. Tissue was mounted in ProLong Gold Antifade
with 4,6-diamidino-2-phenylindole (Invitrogen, Carlsbad,
CA). Imaging was done using an Olympus FV-1000 con-
focal microscope.

Cytokine Induction

Multiplex analysis of mouse cytokines (tumor necrosis
factor [TNF]-�, monocyte chemoattractant protein [MCP-
1]) from culture medium was done using immunobead-
based multiplex assays (Millipore, Billerica, MA) accord-
ing to manufacturer instructions and data were collected
using the LiquiChip Workstation from Qiagen. Standard
curves were constructed from authentic kit standards.
Data are represented as a percent induction after stan-
dardizing the amount of cytokine containing media by
dividing this by the total amount of protein from its re-
spective cellular lysate.

Phagocytosis

Microglia were plated overnight in 96-well plates (3 � 104

cells/well). Medium was replaced with DMEM containing
2 �m fluorescent microspheres (Invitrogen, Carlsbad,
CA) (1:1700). Following a 6-hour incubation, cells were
rinsed with cold PBS and collected after brief trypsiniza-
tion. Cells were re-suspended in 4% paraformaldehyde-
PBS and fixed for 1 hour at 4°C. Cells were subjected to
flow cytometry (FACScan, BD Biosciences, San Jose,
CA) with threshold values set at FSC 50, SSC 52, and
FL1–3 52. Data were collected as the mean fluorescence
intensity for each measure.

Co-Culture Neurotoxicity

Primary microglia were seeded in 24-well collagen-
treated transwell inserts (Fisher Scientific, Hanover Park,
IL) at 1 � 105 cells/well in DMEM. From primary neurons,
all but 500 �l conditioned media was removed and
replaced with fresh serum-free Neurobasal Medium
(0.5 mmol/L glutamine, 1� B27) with or without 1 �g/ml
LPS. Butaprost or vehicle was added at 10 �mol/L.
Co-cultures were incubated for 24 hours. Medium was
collected and neurotoxicity was assessed using a lac-
tate dehydrogenase (LDH) cytotoxicity assay (Sigma,
St. Louis, MO) according to manufacturer’s protocol.

Statistics

Statistical analyses were performed as described in each
results section using GraphPad Prism software (Graph-
Pad Software Inc., San Diego CA). All experiments were
performed with at least n � 4 unless otherwise specified.

Results

DOCK2 Expression Is EP2-Dependent

First, we sought observable associated transcriptional
changes in activated EP2�/� mouse primary microglia.
Using cDNA microarray analysis followed by qRT-PCR
validation, we screened for transcriptional events related
to the EP2 pathway that may lead to a candidate gene to
study further. From this analysis, a total of 17 genes were
identified as significantly differentially expressed be-
tween EP2�/� and wild-type microglia after exposure to
soluble A�1-42 (Table 1). One of these genes, DOCK2,

Table 1. Discovery of EP2-Dependent Dock2 mRNA Expression in Microglia

Gene symbol Gene title GenBank Transcript ratio (WT:EP2�/�)

BC020077 cDNA sequence BC020077 NM_145549 2.11
Nnt Nicotinamide nucleotide

transhydrogenase
NM_008710 2.05

Rnf13 Ring finger protein 13 NM_011883 0.77
Serinc1 Serine incorporator 1 NM_019760 0.76
Cyp51 Cytochrome P450, family 51 NM_020010 0.74
Idi1 Isopentenyl-diphosphate delta

isomerase
NM_145360 0.71

Phf20l1 PHD finger protein 20-like 1 XM_484476 0.69
Hnrpab Heterogeneous nuclear

ribonucleoprotein A/B
NM_010448 0.65

Scoc Short coiled-coil protein NM_001039137 0.64
9330182L06Rik RIKEN cDNA 9330182L06 gene NM_172706 0.63
A830039H10Rik RIKEN cDNA A830039H10 gene NM_172153 0.53
Peli2 Pellino 2 NM_033602 0.42
Zfp236 Zinc finger protein 236 XM_484752 0.24
Gmfb Glia maturation factor, beta NM_022023 0.19
5031439G07Rik RIKEN cDNA 5031439G07 gene NM_001033273 0.16
Ang1 Angiogenin, ribonuclease A

family, member 1
NM_007447 0.11

Dock2 Dedicator of cytokinesis 2 NM_033374 0.11

Microarray gene expression data shows that Dock2 mRNA is decreased by approximately 10-fold in EP2�/� primary microglia stimulated by A� in
vitro when compared with wild-type (WT).
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was selected for further study because existing literature
suggest that its expression might be microglia specific.
Indeed, DOCK2 was validated as being significantly
down-regulated by tenfold in EP2�/� microglia (Figure
1A). Next, we determined if the observed difference in
Dock2 mRNA was due to A�1-42 exposure or a property
of the EP2�/� genotype itself. We performed quantitative
real-time PCR for wild-type and EP2�/� primary microglia
either not treated (NT) or exposed to A�1-42 (Figure 1A).
Dock2 gene expression level from NT wild-type cells
were set to a relative value of 1 for normalization. Dock2
transcriptional levels were about tenfold lower in EP2�/�

microglia compared with wild-type, regardless of treat-
ment conditions (***P � 0.001 determined by Two-way
analysis of variance with Bonferroni posttest correction,
n � 4). DOCK2 protein expression was evaluated by
Western blot analysis to see if protein levels correlate with
that of the transcript. Cells challenged by LPS were also
observed for extended testing of possible treatment ef-
fects. Corresponding with transcript, DOCK2 protein was
only observed in wild-type microglia, again regardless of
treatment type (Figure 1B). These findings indicate that
regulation of DOCK2 transcription and protein expression
is a consequence of genetic ablation of EP2, and not a
result of microglial activation.

One nonphysiological interpretation of the in vitro
findings is that DOCK2 expression in wild-type micro-
glia changes as a result of cell culture technique,
possibly due to loss of inhibition by interacting neurons
or astrocytes in the brain. To test if this difference in
DOCK2 expression also exists in vivo, we harvested
several organs from adult mice and determined
DOCK2 expression (Figure 1C). Dock2�/� mice were
used as a negative control for antibody specificity.
Confirming the results of others, DOCK2 was observed

in the primary lymphoid tissue of wild-type mice24;
however, no DOCK2 was detected in lymphoid tissue
harvested from EP2�/� mice. Much longer Western blot
film exposure time demonstrated for the first time that
DOCK2 is indeed present at low levels in wild-type
brain (Figure 1C). DOCK2 was not detected in EP2�/�

or Dock2�/� brain. To test if the loss of Dock2 leads to
loss of EP2, we did a functional assay for the presence
of EP2 in Dock2�/� microglia using the selective EP2
agonist butaprost. For Dock2�/� microglia, butaprost
effectively decreases LPS-stimulated TNF-� induction,
providing evidence that EP2 activity is not DOCK2-
dependent (Figure 2A) (**P � 0.01 determined by one-
way analysis of variance with Bonferroni corrected
comparisons, n � 4). Together, these experiments
confirm that DOCK2 is transcriptionally down-regu-
lated in the absence of EP2.

DOCK2 Localizes to Microglia in Mouse Brain

Having discovered that DOCK2 is expressed in wild-type
microglia in vitro and weakly in wild-type brain in vivo, we
used immunohistochemistry to determine whether
DOCK2 is expressed by microglia in vivo. Double-label-
ing immunohistochemistry using cryopreserved wild-type
mouse hippocampus revealed that DOCK2 cellular stain-
ing is present and that it co-localized exclusively with
established microglial markers tomato lectin (Figure 1D)
and CD68. DOCK2 did not co-localize with the neuronal
marker NeuN or the astrocytic marker glial fibrillary acidic
protein. Immunohistochemistry did not reveal cellular
staining for DOCK2 in EP2�/� or Dock2�/� hippocampus.
Therefore, DOCK2 expression in mouse brain is re-
stricted to wild-type microglia.

Figure 1. Microglial DOCK2 expression is EP2-
dependent. A: Quantitative real-time PCR analysis
of Dock2 mRNA in EP2�/� primary mouse micro-
glia shows significantly lower levels than those in
wild-type (WT), either with or without A� treat-
ment (***P � 0.001). B: Western blot images for
DOCK2 show a complete absence of DOCK2 pro-
tein in EP2�/� primary microglia with LPS, A�, or
No Treatment (NT). C: Wb images for DOCK2 in
several organs show expression in wild-type mice
primary lymphoid tissue (2-minute film exposure),
but not in EP2�/� or Dock2�/� mice. There is a
low level of DOCK2 expression in wild-type brain
(24-hour film exposure). (LN � Lymph Node). D:
Confocal images showing microglial staining for
both DOCK2 and tomato lectin (magnification,
�600).
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DOCK2 Regulates Microglial Response

We tested if DOCK2 down-regulation had physiological rel-
evance to activated microglial innate immune response,
namely cytokine induction, phagocytosis, paracrine neuro-
toxicity, and COX2 induction. Primary microglia derived
from wild-type and Dock2�/� mice underwent 24-hour LPS
exposure and cell culture media was collected for quantifi-
cation of pro-inflammatory cytokines. TNF-� and MCP-1
were of special interest because of their important roles
in neurotoxicity and microglial chemotaxis, respectiv-
ely.8,36–43 Dock2�/� microglia demonstrated a concomitant
significant reduction in the induction of TNF-� and MCP-1
(Figure 2, A and B) by approximately 40% (*P � 0.05 for
TNF-�, *P � 0.05 for MCP-1, determined by two-tailed t-test
analysis, n � 5). As with cytokine induction, Dock2�/� mi-
croglia demonstrated a significant approximately 30% de-
crease in phagocytosis of 2 �m fluorescent spheres (Figure
2C) (*P � 0.05 determined by two-tailed t-test analysis, n �

5). For a direct measure of microglial DOCK2 effect on
paracrine neurotoxicity, we co-cultured wild-type primary
neurons with either wild-type or Dock2�/� primary micro-
glia, with or without LPS. Lactate dehydrogenase release by
neurons was used as a surrogate marker of total neuronal
cell death. LPS exposure to neurons alone did not induce
lactate dehydrogenase release. Similarly, wild-type and
Dock2�/� microglia alone without neurons did not induce
lactate dehydrogenase release, with or without LPS. LPS-
stimulated Dock2�/� microglia show a significant reduction
in bystander neuronal damage when compared with wild-
type (Figure 2D) (*P � 0.05 determined by two-way analysis
of variance with Bonferroni corrected comparisons, n � 4).
There was no significant difference between wild-type and
Dock2�/� cells without LPS (P � 0.19, n � 4). Furthermore,
two-way analysis of variance analysis for microglial geno-
type demonstrated a total significant difference between
wild-type and Dock2�/� microglial genotype (**P � 0.01,
n � 4). Others have presented evidence that activa-
ted microglia-mediate neuron damage is COX-depen-
dent.44–46 In addition, given the importance of NSAID
toxicity in prevention trials, we explored whether or not
COX2 induction depends on microglial DOCK2. Indeed,
Dock2�/� cells stimulated with LPS do demonstrate
COX2 induction like that of wild-type (Figure 2E), indicat-
ing a COX2 expression-independent role for DOCK2 in
innate immune regulation and paracrine neuron damage.

DOCK2 in Normal and AD Human Brain

Following the promising studies highlighting the benefits
of targeting DOCK2, we set to establish the relevance of
DOCK2 as a therapeutic target in humans by immuno-
histochemistry survey of normal and AD brain. Six AD
patients and six age-matched controls were used for
analysis. To see if DOCK2 expression was restricted to
microglia in human brain, tissue was probed for DOCK2
along with the lectin RCA1 as an established microglial
marker.47,48 For each case and brain region, cells from
three microscopic fields were counted and averaged
together to establish a group total (Table 2). These data
led to three separate findings. First, the average number
of DOCK2� cells divided by the average number of
DOCK2�/RCA1� double-labeled cells reveals that
DOCK2 was expressed nearly exclusively in microglia
(�95%) in both human frontal cortex and hippocampus.
(In addition, DOCK2� cells demonstrate an established
ramified profile characteristic for microglia; Figure 3).
Second, the number of DOCK2� cells was significantly

Figure 2. DOCK2 is a COX2-independent regulator of microglial innate
immune responses. A: The EP2 agonist butaprost shows that Dock2�/�

microglia have EP2 functionally present (**P � 0.01 and ***P � 0.001). A–D:
Quantification of in vitro primary mouse microglial response to LPS stimu-
lation shows Dock2�/� microglia to have decreased TNF-� cytokine induc-
tion (A) (*P � 0.05), decreased MCP-1 chemokine induction (B) (*P � 0.05),
decreased phagocytosis (C) (*P � 0.05), and decreased paracrine neurotox-
icity (D) (*P � 0.05) when compared with wild-type (WT) (LDH�lactate
dehydrogenase). (No significance � n.s.). Total significant difference be-
tween wild-type and Dock 2�/� micrological genotype (**P � 0.01, n � 4).
E: Western blot images show COX2 induction following LPS stimulation of
both wild-type and Dock2�/� primary microglia.

Table 2. Quantification of DOCK2 Expression in Normal and Alzheimer’s Disease-Affected (AD) Human Brain

Age (Sex) Diagnosis Brain region

Avg # of DOCK2�

cells per field
(�SD)

Avg # of DOCK2�/RCA1�

cells per field
(�SD)

% of DOCK2�

cells that are
double labeled

70 (F), 73 (M), 77 (F), 78 (M), 80 (F), 85 (F) Normal Hippocampus 33.0 � 3.7 32.0 � 3.7 97.0
Frontal cortex 27.9 � 9.8 26.7 � 9.7 95.4

68 (M), 70 (F), 75 (F), 75 (M), 80 (F), 88 (F) AD Hippocampus 41.9 � 11.0* 41.2 � 10.7* 98.4
Frontal cortex 39.8 � 7.3* 38.6 � 7.6* 96.9

DOCK2 is expressed almost exclusively in microglia (�95%) and DOCK2� microglia are found at a higher tissue density in AD compared with
normal brain (*P � 0.01 for DOCK2� and DOCK2�/RCA1�).
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increased in AD brain compared with normal controls
(two-way analysis of variance for average number of
DOCK2� cells shows a significant difference for normal
versus AD brain (**P � 0.01) but not for hippocampus
versus frontal cortex; P � 0.30). Third, the total number of
microglia determined by DOCK2�/RCA1� double-label-
ing was increased in AD compared with normal controls
(two-way analysis of variance for average number of
DOCK2�/RCA1� cells shows a significant difference for
normal versus AD brain [**P � 0.01] but not for hip-
pocampus versus frontal cortex [P � 0.26]). This last
point confirms previous reports about the increase of
microglia in tissue density associated with AD.49–52 This
increase in DOCK2� microglia, likely reflective of the well-
characterized microgliosis that accompanies AD, and is
important because it shows that activated microglia in AD
retain DOCK2 expression.53 Finally, we wanted to see if
DOCK2� microglia were associated with characteristic AD
pathological changes. Indeed, DOCK2� microglia were as-
sociated with paired helical filament-Tau� neurofibrillary
tangles and A�� plaques (Figure 4). Together these data
suggest that DOCK2 may be targeted as a way to reduce
AD associated neuroinflammation, including bystander
neuronal toxicity, without altering COX2 expression.

Discussion

The major aim of this study was to identify and charac-
terize an EP2-dependent effector of microglial activation
that may play a role in neurodegeneration. Indeed, we
have shown that genetically ablating the prostaglandin
receptor EP2 in mice leads to markedly reduced DOCK2
expression. For the first time, we show that DOCK2 is
expressed in mouse and human brain. DOCK2 expres-
sion is localized to cerebral microglia, consistent with its

proposed restricted expression to hematopoeitic lin-
eage.25 Furthermore, the well-characterized microgliosis
of AD includes DOCK2� microglia associated with AD
pathological structures in brain. This increase in
DOCK2� microglia is likely reflective of the role microglia
contribute to AD pathogenesis. In the AD brain extracel-
lular A� damages neurons and forms amyloid plaques,
which leads to recruitment of microglia for A� clearance.
These microglia release cytotoxic molecules to damage
nearby neurons and release pro-inflammatory molecules,
both of which recruit more microglia and contribute to the
cycle glial–neuronal interaction believed to contribute to
the pathogenesis of AD (recently reviewed in53). Finally,
we have functionally characterized DOCK2 as playing a
microglial COX2 expression-independent regulatory role
in the neuroinflammatory response.

Our work establishes a link between PGE2 signaling
and DOCK2 expression. Indeed, our data clearly dem-
onstrated that DOCK2 expression is critically dependent
on EP2 expression, presumably acting via its well-char-
acterized role as a Rac-specific unconventional GEF,
however the signaling mechanism remains to be worked
out.24–31,34 More broadly, this is the first report of a role
for DOCK2 in innate immunity outside of neutrophil and
dendritic cell migration.34,54,55 Our findings demonstrate
that DOCK2 regulates microglia function consistent with
what is known about Rac signaling and activity of its
conventional GEF, Vav1.27,32,33,56–62 Rac1 signaling in
microglia also has been shown to promote NADPH oxi-
dase formation of reactive oxygen species, as well as
inducible nitric-oxide synthase and COX2 expres-
sion.60–62 DOCK2 binds Rac1, along with its conven-
tional GEF, Vav, to form a part of a signaling complex.27

Interestingly, in microglia and monocytes, Vav is neces-
sary for induction of respiratory burst and phagocytosis

Figure 3. DOCK2 expression localizes to microglia in human brain. Confocal images showing 4,6-diamidino-2-phenylindole (nucleus), DOCK2, and the lectin
microglial marker Ricinus Communis Agglutinin 1 (RCA1) in normal human hippocampus (magnification, top �200, bottom �600).
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of A�.62 However, important detailed roles for differential
regulation by DOCK2 and Vav1 of Rac-mediated signal-
ing key to microglial processes remain to be clarified. Our
finding that lack of DOCK2 expression led to decreased
bead phagocytosis is in contrast to our previous finding
that lack of EP2 results increased amyloid phagocytosis.6

We attribute the EP2 observation to suppression of
phagocytosis by as yet undetermined mechanism that is
abolished in the absence of EP2 expression. Our results
here strongly suggest DOCK2 is not the mediator of
phagocytic suppression.

Our results show that lack of DOCK2 leads to signifi-
cant alterations in cultured microglia function with re-
spect to several processes proposed to be important to
neurodegeneration in AD: cytokine secretion, phagocy-
tosis, paracrine neurotoxicity, and COX2 induction. The
net effect of these DOCK2-dependent changes in micro-
glia activity in vivo will be examined in future work. There
may be concern over total suppression of DOCK2 related
to the immunological phenotype of Dock2�/� mice, which
includes defects in T and B lymphocyte migration, T
lymphocytopenia, and architectural defects in the spleen,
lymph nodes, and Peyer’s patches.25 However, it is dif-
ficult to predict the effects of partial pharmacological
suppression of DOCK2 based on a developmental phe-

notype from genetic ablation of Dock2. While it is not yet
known whether targeting DOCK2 would generally sup-
press inflammation or produce side effects, our data
suggest that DOCK2 would lead to general inflammation
suppression independent of COX2 suppression. In addi-
tion to a possible decrease in immunocompetence, there
may be concern over a target such as DOCK2, which
when suppressed may lead to a decrease in microglial
phagocytosis of A� peptides There are reasons to pro-
pose that the benefits of suppressing microglial inflam-
mation supercede those of suppressing phagocytosis.
For example, strong epidemiological evidence supports
the use of NSAIDs to suppress immune-mediated dam-
age in brain, however NSAIDs are themselves known to
decrease microglial phagocytosis.14,63 Moreover, micro-
glia that accumulate later in AD pathogenesis, likely when
therapy would be initiated, show decreased phagocyto-
sis of A�.53

Our findings highlight both the limitations and advan-
tages of pursuing candidate genes from microarray anal-
ysis. While we established that DOCK2 is down-regulated
in EP2�/� cells, we do not as yet know why this occurs or
what the mechanism of this down-regulation might be.
There are also unanswered questions about the associ-
ation of either EP2 or DOCK2 with AD. Resolving these

Figure 4. Reactive human microglia express DOCK2 in Alzheimer’s disease. Confocal images show DOCK2� microglia associate with paired helical filament-Tau�

neurofibrillary tangles as well A�(6E10)� senile plaques in Alzheimer’s disease human hippocampus (magnification, left �600, right �200).
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issues by further studies using additional methods such
as knockdown and reintroduction will move this area
forward and provide mechanistic insight into our initial
findings. That said, there are also advantages to identi-
fying novel immune effectors in the brain through an
unbiased approach and discovering new players in neu-
roinflammation that might not otherwise be considered.
Using this approach requires caution and restraint to not
over-interpret, but may also yield connections that might
not otherwise have been uncovered.

In summary, this study identified DOCK2 as a novel
COX2 expression-independent, microglial-specific regu-
lator of innate immunity in the brain. This point is impor-
tant given the important concerns regarding NSAID tox-
icity in clinical trials with AD patients.15–17 The expression
and functional findings presented in this study are con-
sistent and complementary to those of DOCK2 in other
model systems. This study provides relevance to AD
pathogenesis by examination of DOCK2 expression hu-
man brain. Taken together, these results suggest that
DOCK2 as a potential therapeutic target for neurodegen-
erative disease, such as AD, that warrants further
investigation.
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